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and temperature dependent. A methodology is described and used
to predict the relat~.ve energy levels for a variety of adsorbedhydrocarbon fragments on Ni. s..rfacea. Such levels together t~~th
the thermal desorption spectra are used to ~dent~ fy  the observed
species . :r. particular , CH and CCII species are isolated on Ni~ lC0
and Ni(].lO) surfaces, respectively , via low temperature adsorption
~~~~~ subsequent pulsed sample warming experiments. The room temp-
erature adsorption phases are deduced using these ionization
levels together with those of chemisorbed acetylene , atomic hydro-
gen and carbon . At room temperature on Ni (l00) H, C, CR and
C H species fcr~ together below 2 Langutuirs exposure while CRs~ u~ ies form thereafter, up to saturation exposure of % 10 Lang—

• muirs. On N~ (110), H and CCII species fo~~~ below 1.5 Langmu irs
exposure followed by the formation of CH.,’and likely CU species.
The rei~at,tve~ stabil ties of  these specie$ at elevated temperatures
is: C H  <C H~CH<CH . A model for the bonding of acetylene arid
its reIc~io~ Lo for~ CCII species on Ni(l1O) is proposed

,,~

_________________________ -— 
.
~~~~ 

.
~~~ • ..s •a~~5 V ~.~ ~~~~

— - -• --—- - - - • — •  
--  

• _ _ _ _



~~~~

,- 

I 
• —,—— —•--.—_—-=- .— —-•, --• ---,—.•

~
- • • • _ _

.—
~~~

- • --.-•---_-- •
~

—.--
- - -

~~~~~~~~~~~

• • .- .------.-
~
----,•-—,

~
— • —,-— - --- -— • - -  — -‘— - - --~~~---- — -- - -- -—---

RC 886 ( , 3 4 ~~97) .~~/l/79
S ....rfaoe Sc...ence 19 pages

The Reaction ol A~etyterae with ~‘~~t 100 ) and *s i(  110) Surfaces at Room Teinperatute.

JE . Demuth

[BM Thomas 1. Watson Research Cente r
Yorktown He~ hts. 4ew York

Ty~.d By Margs Tumo~o I iD 35’)
• Formatted Us&ag the Yorktown Format~ng Language

Prtnted on the Ezp.nmenul Prtnier

ABSTRACt Lltraviokt pboioetniuioo spectroscop~ *atng hr . 1 2eV and filtered 40*eV
• ra thaUoa as weil as iempe rature programmed thermal desorplion spectroscopy are used :~

invest i ate the chemical reaction of acetylene with Ni ( 100 ) and N~~~ 110) surfaces at room
temperature. Striking crystallographic effects and everal coezaltIng phases are observed and
found to be coverage and temperature dependent. A methodology LI described and used to
predict the relative e~erp levets for a vane v 1 adsorbed hydroc ar bon fragments on ~~

iw~~ et Such levels together with the thermal delorpuon spectra are used to tdenitli the
observed species, In particular. CH and CCH spec~es are isolated øü \i 100 ) and Ni t 110)
iw1a~~~. respecuvely. via ow temperature ad*otption and subsequent ~iutsed umpic warming
expenmenu. The room temperatwe adsorption p hases are deduced i-sing these onizatson
) vets together with those of cbemuorbed acetylene. atomic hydrogen and carbon. At room
t empera ture on Nu 100) H. C. CH a*d C2H2 species form toget her below ~ Langmwrs
expoeure while CH species f orm tber~a1ter . up to saturation exposure of - 10 Langusuirt On
N~ 110) . H and CCH species form below ~$ Laagusuin exposure followed ~ the for mation
of CH~ and .ike~v CH species. The relative stibthues o( hese species at elevate d temperature s
4: C:H:<C:H~ CH<CH: A model for the bonding of acety len e and its reaction to form
CCH spe .e~ on ‘iii 1 10) is proposed.

~f l Y~ r~~~~ 
—

1 .~~~~~~~~. 

~~~~ d
-

I
- t  

~~~~ ‘- - 

—

‘DIst ~~~~~~

‘This work was partIally ~uppcrted by the Office of ‘ s a * a l  Research

- —-----— ~~~~~~~~ -~~~~~~ _~_ -~



The abtlii ’. of L V photoemisaion spectroscopy to provide che mically specifsc information about

a4scrt*d species has made it a usef ul tool for surface chemistry The ionIzatIon leve l s of

adsorbed species can in many cases be directly related to those of tree molecules so as to allow

an auzgnm.nt of the adsorbed species (1 • 1 .  En cases where new molecular species f orm such

an identif ication it s Dot possible and some other method of identification m ust be used. The

relative energy levele calculated for v arious proposed specie. h a t  previously been used to help

identif y new surf ace species (3.4). Of petucular relevance to this work was the identification

of a CH species formed on a “chemically modltl.d~ ~ i l i i i  surface (3). This identifica tion

was later conf irmed ~v high resolution electron energy loss studies ol the vibrations of this

new surface species C $ ) .

In this work, we present photoemisoon st udies of the rta~.tion of acetylene wIth ( 100 )

and (110) rucici ~ur4 a.ei at room :enpe rsture Together with ~ur earlier st udies of N(( 1 1 1 )

(3.3 1 we hope to better understand ~ry stailographic eff.cts in the reaction of acetylene with ~‘~ i

We also present ~n JataiJ the methodology we use ~ predict the relative valence orbital enerrv

levels of many possible simple hydrocarbon species such as CC. CH. CH:. CCH and CCH:

These levels together with thermal dcsorpuon mass spectroecopw are used to ell ucadaw the

nat ure of the acetylene denied speciet. We fInd tha t the reaction of acetylene on N i t  100) and

( 110) produces several new species which we can identify as simple hydrocarbon fragme nts In

particular. using ow coverage. tow temperature adsorption combined with momentary the rmal

processing, we isolate CH species on ‘
~~it tOO ) and CCIi species on ~Jst 110) We find thet at

room tempeiatwe and low exposures on Nl(l00 ) sod N l ( l lO )  several adsorbed species form

concurrently molecular acetylene, atomic carbon and hydroge n and CH species form on ii
~~~i t 100 ) while hydrogen. chemisorbed acetylene and CCH species form on N1i I 10). F~ r

higher exposures at room temperature we obierve the formation of Cli species ~n ~Ii( 100 ) and

CH. and possibly CM species on ?41(110).



11 Espe runental Procedures:

The vacu um chamber is turbomolecular pumped with a freon cooled titan i um subtimator

and baffle Typical operating pressures of I a 10-10 Ton were routinely obtained. As

~iescnbed elsewhere the experimental cham ber contains facilities for tn-situ LEED. AES. UPS

and ws spectroscopy studies (31. All photoemission studies were performed with an angle-

tatepaung cy lindrical mirror analyzer (CMA) and a D C .  resonance lamp. These measure-

menu were done at two different Urns periods between which modifIcations were made to our

resonance lamp so as to achieve higher intensities and permit filtered b,.i 40 * cv studies 161.

The N i t  100 ) and ( 110)  samples were prepared by conventional techniques ( ‘
~~ 

SOd

mounted via 004 cm dIn. 0.6 cm long Ta wire onto I ~5 mm din. moly bdenum cads ~t &

multiple sampli holder This bolder permitted each sample to be Liquid nitrogen cooled to

T — l ) i ) k or resistively heate d to T 140()K as measured with a cbromel-&lumel thermocouple

spot welded :o the back of each crvital. The N it  1 1 1 )  sam ple used in our previous stud y (3.5J

remained on our manipulator so as to enable comparative tn-situ studies of all three principle

ow ndez faces •~ ( Ni

All samples were cleaned ~v mild oxida tion treatments . argon on-sputleruig and subse-

quent annealing (3 ‘ Cbarsctettzation of the cle an surf ace was performed by LEED. Auger

and phOtOSteissiOn analy~~ . Purified Mstbesoo acetylene (>99-6%) was used and examine d

for other impurities mass spectroscopically . Characterizat ion of the LEED patterns upon

acetylene adsorption and reaction was not undert aken ~or the ( 110) and (100) samples. The

pressures and exposures cited here are uncorrected ion guage readings. and due to the location

of the sample and toe guage wi t hin the cham ber , the se pressure readings may ~k eis  be slight ly

highe r tha n at the sample (As a calibra t ion point we fled tha t a 3L exposure of actyleee to

Y4~( I I I )  forms a p ( 2*2) LE ED pattern whic h deafl y corresponds to a quar ter mono layer

t ~~~_iz:: :Ii~ 
_
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Temperature programmed thermal desorpuon (TPTD) nasa ipectroscopy was perf ormed

with a quadnapole mass spectrometer Located 3 ” .i w .i “ and in Line ~l sigh t to the samp le

Both the individual prod ucts as a f unction of temperature anti the total desospuon products

were recorded the latter usin g a storage scope and a fast repetit ive scan node of the

spectrometer. Since hydrogen was the dominant product liberated after sub-monolayer

exposures. we generally restncwd ourselves to monitoring it alone . (Our tnulti-tnass sample

and bold method of following several desorpuoe mass simultaneously (M I was therefore not

ia.d). The sample heating rates used were 10-15 k. sec.

The geometry of our phoioemissiori measurements as wed as the conditions of our dc .

resonance lamp at the two different times are the same as those reported eLsewhere (41.

Again., we see tha t ~h.anges in the sample orien ta tion produce small modifications ii relative

intensit ies of the ionizat ion features expected due to angu Lar and polanz atioe-dependent

effects . In one case to be mentioned later , a very broad :omzauOo feature shows slightly

differen t peak positions for b,i~ 2 2 and 44) 8eV We associate thu e(fec t with two overlap-

ping ionization levels wtuch have different f requency dependenc:es. W~ note that in most

cases of doing h, i40.*eV stud ies the ortntal ioniza tion intensities were so weak ~.hat saturs

tion coverages of the adaorpuoei reaction process were only studied- Thus. coverage depend-

ent st udies at bt ’. 21 2eV were primarily used to separate and distinguish between he various

—S.

III . The Identifica tion of Hydrocarbon Spe cies.

In two previous papers we have discussed identifying particular surface species from their

observed energy levels. This has involved using companions to analo gous gaseous molecules

(3 1 se weU as to La or Be substituted homologous [3.~ 1. free radicals (4) and model calcu lations

f of bound fra~~~ eas on a nickel cluster (3.91. In all cases these calculatio ns do not exp lic itl y

tak e account of fina l state effects so that any companion to experiment must be made on a

~~~~~—,- ~~~~ —.--. -- .—~~.--~~~~~—-- ~~~~~~—~~
--—
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relative basis. ~4sineiy. the relat ive experimental level positions of known and unknown

species are compared to the relative leve ls of calculated species. In t his manner of comparison

we avoid havin g to quantitatively predict I .P ‘ s When one considers the many efforts to

accurately calculate the ionization levels of CO on metal surf aces (10-131. one realAzes the

difficulties of doing 5,,,il Lkr calculation. for hydrocar bon species. In the following discussion

we summarize the method we use here to predict the relative level positions for a vaflety of

simple hydrocar bon fragments. The.e results will be used Later as a to help understand

our pboiocmission results.

to Fig. I we show the measured ionization Iev,ts for ace tylene (6,141 and some represent-

ative calculations of the ground state one electro n energies and the ioniU Uob levels . Ander-

son has used an Extended Huckel approach modified to include two bod y repuLsions to

determine the lowest energy . geometric configuration of orgsnomet.allAcs and adsorbed species

(I ~ 1. The ene rgy e~eb calculated for tree acetylene with his method are indicated in b ) and

show some variance wi th the observed ionization lesek shown in a). This is also true for more

rigorous ab-iniuo LCAO SCF methods shown in C) and d) . The levels in ci were calculated

with an t&nrest-’~~ed Haz tree.Fock met hod using i 4-~ 1G basis set IGauss an G-70 116D. The

~eveLs in d) ar e the Har iree-Fock Limit v~j~~~s of Clementi (181. The ionization Levels shown in

•) were calculated ‘~v Cederbaum and Dcmcke (18J and agree very favoc*b4y with expe riment.

In the analysis we do here we choose to combine the results of an Extended Huckel j
calculation which can simulate ~he bonding properties to a Ni surface ( 15 1 with the results of

our Gaussian- ~O . alculations which describe the relative energy levels for free hydrocarbon

molecules very weLl (19). Thus, we trv to use both methods in a couiptementar’ fashion so as

to take advantage of each. The combined results are the n used to gold. the interpretation of

OW! experimen tal multi . In FIgure 2 w~ present an example to show how this is done Panel

A shows the Extended Huc ke l calculat ions for free acetylene. free CH 2 fragments and three of

tbsse same fragments adsorbed in the bridging sites of a 31 atom Ni atom cluster The 3 !

— ~~~~~~~~~~~~~~~~~ —--~~--— ,. - —-,—-~-—---
~~~ 
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atom Ni cluster has 19 closed packed atoms on one ( top ) surf ace and 12 atoms below so as to

a ( I l l )  \i surf ace This cluster is displayed elsewhere (15 1 .  (W e note that the

‘
~~~~~~~~

“ CH. levels are also identical to those deternitned by moving the three CH. species 10

A away from the original surface cluster. ) From these calculations we learn how cer tain levels

are shifted upon bonding to the Ni surface and where ad levels lie relative to those of free

acetylene Although differences in bonding sit es slightly altar the locations of some levels, this

~s a small effect coosidenag the levels of accuracy of t his method and the manner in which we

~lope to use these levels. Bond site effects ate further known to be small for the case of CO

hooded to transition metal surf aces or in the car bonyls (20 1.

In panel B us make a ~imil*r comparison of the levels for free C~H .  and CH 2 using the

Gaus,iJn.~O program (16 1 .  Based upon ~hc relative Level shif ts observed in panel A upon

bond ing to ~~~ we can predict what the pattern of levels should look like on “J i The use ~( the

levels from this ab -itu tso method serves ‘ o provide us with a better .iescnplson of the relative

leve l spaciap be ween both the higher ving e-valeoce levels of CH~ and the car bon 2ss-2ss

levels whereas the ~renonn.i~Izat,on ’ of these leve ls by the Extended H uckel method takes into

account substr a te scr eening an d bonding effects. F inally, we compa re the rela tive calculated

leve ls for f ree acetylene and lie expected !e~ e~s for CH~ on \ i l l ) .  panel B. to the meas-

ured ionization levels of acetyle ne . panel C. and predict where the onhzauon e ’els 1 a CH:

species on ~‘Jt should .~e Here , the relative positions of the CH~ e-levets and carbon ss levels

ar e essentially denved from panel B modulo any bonding shi fti found in A. while the a bsolute

locat ion of the lowest lyin g carbon 2s level relative to acetylene is derived from panel A rhe

a tte r is done to account for’ charge tra nsfer and any differential screening effects which m~’

occur n the presence of nickel surface atoms. However , we iote tha t the large ‘relaxation

screening shif t ” accusing for chemlsorbed acetylene (I) nay not occur for the othe r cbemi-

sorbed fragments and will alter our predicted I P.s. To zer oth order we expect these dil’teren-

tial shif ts to be less for these fragments which may shift ad levels upward by as much as 1 5eV 
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relative to the levels of acety lene . Thus. the scale for our pre dicted L P .  ‘s is uncertain by this

amount.

Following the f orernenuoned procedure we show in FIg. 3 the molecular orbital energies

los’ a vanesy of simple hydrocarbon species, all displayed relative to th. molecular orbital

energies of acetylen. calculated with the Gauasss.n- ’~0 program (163. The dashed levels

indicate orbitals of mixed parentage and whose Locations are more suscept.able to error We

note in companng these predicted Levels , that some species are difficult to distinguish. eg CH

and CII :. Othe r species such U C and C2 have markedly different energy levels and can be

east)y distinguished . In several cases we rind ~st the different states of hydroge n desorbing

from ~be surface during s r I U provides additional help in distingwsb~ng between some of these

species as will be discussed later.

IV Ezpenmenta~ Results

In Fig. 4 we sho. the h~— l  2eV photoe mzusoa spectra. N E) . for two different

exposures of acety lene to Ni( 100 ) at room temperat ure . The difference spectra. .~. \( E) ,

displayed in pane! a) shows a coverage de pendence to the adsorption process which is sugges-

uve of multiple ~li ase forniat ,on. For exposures above ~~ L.angmwrs (21..) the additional

~eatum in the difference spectra are similar to those seen for higher exposures of acetylene to

N i l 1 1 2 ) .  Here , we believ, tha t the broad peak centered at ? eV consists of two peaks split

by about I~~2 sV and sho w further evidenc, for Ibis latter . Since our [PTh results (to be

discussed later ) indicate that this specie- Is a hydrocarbon, we therefore designate it as

For exposures below 2L be features in .~N i E , )  are more comple x and can be associated with

he levels . f  chem~ os’bed acetylene, a carbon species. and some of the foremennoned C~ H ,

phase. In panel b we show the differe nce spectra taken with r~tered h,~~40.teV radiation at

J saturation coverages. We indicate the levels of cbemisor bed acetylene on ‘J i 100 ) t S I and the

levels for the C~ H~ species. Here the eve is for the C~ H~ species were determined (torn the 

-,—,-,
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br ~~2 l .2 eV results in penal a) and the ow temperature studies to be describe d later The sum

of these two seu of levels produce level positions and relative Level intensities similar to those

observed in b) except ( or two peak.s at — 13 and 4eV These peaks are identical to tho se of a

C ( species w hich we form by beat ing to 650K to decompose the adsorbed hydroc ar bon

species and desorb all hydrogen from the surface (U shown in panel C) . Evidently some C~

spec~ s form at room temperature initially during the 2L exposure as evidenced by the peak in

the b,~~2l .2eV spectrum at ‘-4eV in Panel B. Thus, we can identif y C2H- . C~~. and C xH y

species formed ~ogctber on ~.lI( 100) at room temperature below 2L exposure and predominant-

ly C~ H y species above.

We can more clearly isola te the ~~~~ species by performin g the acet ylene adsorption at

ow tempe ratu re s !oLlowed by momentary beating of the sample to higher tempe ra t ures. In

Fig. S we show the photoetnission results at h~—~~L and ~0 ‘1eV for a 2L exposure of

acet~ te ne to ‘~t ( l00 ) &t T I00K. followed by momentarily heating the sample to 42 5K. The

difference spectr a after the rmal cons’ersion shows both a ~~~~ and a C~ species. For ow

temperature exposures above 2L longe r beating and -‘r highe r ~empc ra tu re s are needed to

compietel ~ convert hemisorbe d C~H . to the other species. These resulU suggest that

chemisorbed acetylene on N i t  100 ) is more sta ble it higher coverag es in the presence of t hese

other species. For a 1 L exposure . the lowest exposure stud ied at Low temperatures. we observe

that C .H . partially converts to C~ H~ species alter warming to about roo m temperatures. The

C~ species then form at higher temperatures above room tempe rature . We cannot deter mine

wbether these C~ species are derived from C :H , Ot C~ H., At higher tempera t ures and at

low high coverages) after all C:H : disappe ars. the C xH., species decomposes to produce more

C~ species.

In Fig. 6 we show our photoetnission results for the room temperatu re adsorption of

acet ylene on ‘.~( l1 0)  For higher exposures at h~— 2 I  2eV . shown in panel a. we set a valence

e’~~ structure somewhat similar 10 tha t observed on Ni 200). Again , this broad peak can be
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resolved into several .tisliact components from the high and tow coverage difference spectra

shown in pa nel b. At the lowest coverages (15 1)  we observe i.e increase in the work function

of 0- I •V and hydrogen desorption features (to be discussed ) which are characteri stic of

~hemisorbed hydrogen on the surface. The presence of adsorbed atomic hydrogen cbems-

sorbed on N i l l O )  produces a weak broad peak at 5.Sc V below E F as observed on N i ( l I l )

(21.2 2J . We ~an attribute the broad peak between 4-6 eV in the 1.51 .~N(E ) spectra with

adsorbed hydrogen. The remaining peak.s at 10.6 and 7 2  ~ V f or this 2 .51. exposure can be

auocaated with another phase w hicn we call C~~H~ ’ and are able to a.lso isolate from our low

temperature studies (to be discussed ) For exposures above 3L we observe two levels at 20.2

and ‘ .4 V  cbara~tens1ic of another hydrocarbon species which differ in location from those

seen for CH on N i i l L l )  and C xH y on NIU OO ) .We ref c~ to t his species as CxH y” For

exposures between I 5-3L a level at -9e V and a skewing ~f the — 1 1 e V  eve ) ~or C~~H ., ’ to

ta rger ene rgies suggests the presence of some small amount o~ chemisorbed acetylene. The

b,—40 SeV spectra is shown .n Fig. (i panel c. Here we observe a broad almost stru ctu reless

valenc, bend between I I  -6eV and a very broad band at 14- I 7eV in the carbon 245 - ‘r ~’itai

epon. These broad levels are conaistan t with the superposition of the valence levels found for

chcaisorbed C~H.. on N t ( l I 0 )  : e ~ . C~~H y’ and CxH y ” species.

The levels shown for chemiaorbed C~~H~ ’ are again more clearly determ ined tr eim our low

temperature studies In Fig. 7 we show the results of therma l processing of a IL exposure of

cheinasor bed acetylene adsorbed o~ Ni 1 10) a’ 1-lOOK. Momenta ry heating to room

:empe ratuze peodecel a sew phase with levels simila r to those occuring for room temperature

exposures below 31.. For higher init ia l coverages -~‘( che musorbed acetylene at low tempera-

tures (> 1 . 51  exposure ) . we find that warm ing to room temperature does not convert all the

C .H ~ to C~ Hy’ and that further warming to higher temperatures forms C~~H ., ” These

C.(H y” species must form fro m the excess unconverted chemzsorbed acetylene and not ‘r em

the C xH~
’ species since we see no disappeara nce of C~~H ., ’ as C xH~

” forms. 

- —.-. ~~~- —
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The temperat ure programmed thermal desorpuon spectra as a function of exposure of

acetylene to the ( 1 1 ) ) .  (100 ) and 11 0) nickel surfac es at room temperature are shown in Fig.

~ Since the decomposition of hydrocarbon fragments on N i ( 1 1 l ) .  (100) and ( 1 1 0 )  ~url aces

proda~ almost e*cluaively molecular hydrogen we show only hyd rogen desorp luon spectra.

These desorprion spectra are nor calibrated and indicate rela tive signals on each surf ace . From

previous stu4ae~ on ~“t 1 11) (3.51 the hydrogen desorptioa occurring near 410K arises front the

decomposition of cbemisorbed acetylene while the desorption above -430K arises from the

decomposition of CH and above — 520K f ro m CH~ and possible polymerized species The

desorpuon spectra on ~ it 100) show a coverage-Ja p .endent d.sotpuou p..ak between 400 - 430

K and higAe~ ~emperaIufe features ( above a~ OK) similar to those observed on N ii . I l l ) .  On

Sit 100) there alao appears to be some hyd rogen dasorptioa on the Leading edge of the 4 OK

peak suggestive of small amounts of cbemusorbed atom ic hydrogen. This correlates to the

forma tion of carbon on Sit 100) below 2L. exposure as seen in Fig. 4.

For 51 110) an atomic hydrogen desorption feature ~s evident at low acetylene exposures

and re presents 1 2 t the total hydrogen desorptaon observed W~ therefore postulate that

at room temperature and up to 21 exposure. half the hydrogen in acetylene is removed and

becomes bonded as atomic hydrogen to the ~~ 110) surf ace. At higher exposures we see less

atomic hydrogen and significantly more of the higher temperature hydrogen decomposition

products. Our pbotoeuuanon studies of the decomposi tion as a function of heat ing temp era-

t ure indicate t hat the desorpuon ‘ea tu r es for acety lene on Nil 11 0 )  appear to be largely

intrinsic to the initial adsorbed species and are not caused by the decomposition of the new

hydrocarbon species fora.d at higher temperatures. Namely. we see C~ U~’ and C~ H y ’

species geadnaily disappear to form C~ as we incrementally pulse heat the sample to ~ ~ her

temperatures The C~H~ species per sists to the highest temperatur es. We th ereby relate the

desorpuon featu res above 450K (i.e.. the peak at -550K ~t saturat ion coverages ~ to the

decotnpositlc~n of ‘he C xH v” species .

...— —.-— ~~ ——--.—
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IV . ldentthcaiion of the erved Hydrocarbon Phases

We have distingui shed four species in our studies of acetylene on Nt ( 100 ) and ( $ 1 0 )

surf aces which we have labelled, as C~ . C~Hy . C xH y’ and CxH~
” These are in addiU on to

the molecular adsorbed phase. of acetylene formed on each f ace . In Table I we snmm~nze the

ver tical ionization levels observed for chemiaorbed acetylene and h. various fra gments

observed on the Si surf aces studied . In identif ying these species we consider both the energy

:eveta of FIg. 3 aad our thermal desorpuon results. As discussed next these new species car.

be identified as atomic carbon. CH. CX: and CCH species.

The C~ species has sumlar levels on each surf ace. This specie s has c~ ets relative to

chemti irbed acetylene wInch are cbarecten,uc of atom ic carbo n. We rule out C2 species (or

C~. C 4, et~ species) since these would have and 2.~ molecular ~rt~I t a 4s formed from the

bonding and aritib ond iag :otn btna t*on of the carbo n 2s atom ic :evels . Such differences in the

lowest lying carbon 2s-den’ed lev ls ciesrty distinguish atomic carbon from any other carbon

species ( including a $rsphitic ovsdsy.t).

The C~ H~ species formed -~n Sl($0O ) at room or ow temperatures has similar high l yin g

valence Le vels to those for the CM species ~‘n NI ( $ 1 1 ) .  However , the position of the lower

lying Level differs by ~.V and suggests from Fig. 3 tha t C~~H~ Is a CN2 pecies. Althou gh

such an assignment agrees with (be formation of carbon on the surf ace at ow coverages we

do not see any :ncrr ase in surf ace carbon at higher exposures when more C.<l4~ forms. Thus.

the carbon formed at lower exposum need not be a product of formi ng CM: from C:H ’~ 
W~

thereby assign the CxH y species to CM species and ~eLiese that the difference in location of

:he 2.~ level relative to tha t found ~or CM on N i ( 1 f l) .  arises from differences n its bonding

site. geomet ry and or relaxation screening effects on Ni( 100). The similarfties in the thermal

desoeption spectra on N i t  100 ) and N It i l l )  above 1>450K aLso support t his conclusion.
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The ~~~~~ spec ies formed on N it i l O )  at low covera ges and room temp eratures has

slightly different energy Lev cii and work fun ction change s from th at occurnug at higher

coveragus and Liquid nit rogen temperwues . These differences may ar ise from smail differ-

ences in bonding sitCi . molecular or ienta t ion on the surface or molecular geometries. Such

differences may arise from differences in pac king densities and the presence of coadaorbed

acetylene at room temperature . In idcatif ying the nature of C~~H~ we note that the similarity

of these levels to chemisorhed acetyleoc might ini tially suggest a thermally activated chan ge in

acetylene bonding site n Nd 1 10) . However, the thermal desorpuon results in Fig. 8 indIcate

that below L about half of the hydrogen atom s in acetylene have become Jehydrogetiated

and bound to the surface The ~ebydrogens1ed species in Fig. ‘ winch has levels consasunt

with those observed .s a CCH species. We thereby associate the C~~H~
’ phase with a CCH

species. From our therm al desorptioti results tie CCH species decompose between

—311 0-475 K. The second C~ If ~ ” pha se ~n Nit 1 10) which forms at higher exposure has

leve Ls somewha t similar to the CM species on Nit 100) and Nit 1 10). However, the two higher

tying levels of C~~H y us more jreatl v spli t than expected for a CH species ( see Fig. 3) and the

lowest lying ev e l occurs at a lower energy Both of these differences are expected for a CH 2

species. Howe ver , we must ~usttf y the absence of atomic carbon in forming CH : on Nif $ 1 0 )

fro impinpag acetylene - 
-

The presence of atom ic hydr ogen on the surf ace fro m the ow covera ge re act ion .

C.H2 — CCM~~~+H ~~ can provId, aoothe r rowe to form CX : withou t producing carbon. The

disappearance of atomic hydrogen from the surf ace for higher exposures as ~hserved in Fig. 8,

suggests its consum ption in form ing CH :. Given thes e constra ints , we can postulate the

followIng re action of inciden t acetylene to form CM 2.

C~H2 . ?j dj u ~HCCH j s ’~F fC~u ’ + CH~~~t.

Her e IICCH: ie an unstable surfac e interm ediate. The energ3’ levels of a CM species as found

on Si(100) or Ni l i t )  would be masked by those for the CM 2 species. Indeed the additional

N
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hydrogen desorpuon observed in Fig. 8 on N~ 1 10) which ~ccun above the L exposure at

about 450-350K can be associated with the decompoaiuon ~
-
~( CH species 13). The CH2

species Jecompose above 5~ OK.

V1.S~~ mar sod Discussion

Th. reac tion of acetylene with Nil 100) or Nit 110) surfaces at room tempera ture ii

strikingly more complex than observed on Ni ( 11  ~) (3.5 J . On Nii I l l )  :1 was found that

acetylene cb.musorbs tnolecular tv to form a p (2x ) overla yer (3L exposure ) after which CII

species form. On ~4* 100) we observe C. CH and C.1H . formin g togeth er at low coverages (<

~ L exposures ) and CH species above . Cn NIt ) 10) H and CCX specie. fir st form (< 1.5 1

exposure s ) together with trac e amounts of chetnisorbed acetylene ( 1 5 . 3 1 exposures ).

followed ~‘v the formation of CM 2 and likely CM species (> 31 esposuresI. From our thermal

desoeption miafts we predict the foUowui g relative stab ilities for the various hydrocarbon

phases we observe:

C ’H 2<C CH ~~CH <CH -

We note th az such relative stabilities apply under ‘ur expe rimen tal conditions . The presence

of high hydrogen partial pressures or part.culai surf ace contaminants could alter th ,s

The multiple phase formation we observed here has not been found in other detailed

studles oo P t l t l l ) (4 3 Ib u t may alao occuron Fe ilOO ) (24 1a04 1r(I00) (2 5l surf aces. One

also d ear ly sees the need to observe all the valence ion izat ion levels and consider other

meas ureme nts conibtne d with pbotoemission. such as therm al desorption st dies. to help

discrlmuiece amonpi the vsnow possible species.

In poeral it Is diffic ul t to determine the microscopic details of the reaction of all these

species. However , for the formation of CCH on Ni 110) from cbemisorbed acetylene (at low

t.apevatures) we propose an idealized model for the formation of CCII on NI( 110) from

_ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~bemisorbed acetylene. Using the molecular geometry for ch~.aisorbed acetylene on N~( 110)

at low t emper atu r es 1261 togethe r with a proposed bonding model for acetylene on Ni l  1 1 1)

we suggest in Fig. 9 s  model for the bonding of acety lene to M I C 110) . This bond ing ,~ice

~ p.u~iI~~r to the sue for chemisorbed acetylene on N it  I I I )  and is also the bonding Site for

oxy gen on Nit 110) (2 $J . Thu lower coordination bonding site on Nil 1 10) than on Ni l I l l )  it

also consuZ,aa t with the weaker molecular distort ions observed on Ni( 110) than on Ni ( I l l )

[ 6 ~. Ln warming clietnisorbed acetylene a CCX species may form when chemusorbed acetyl-

ene rock.s about the two bridging Ni stoma and places a hydrogen atom of the molecule in

close prox imity to ~e nickel surf ace . The interaction of the hydro gen with the surface 129 1 as

weli as the in teraction of one of the carboa atoms with several metal atoms may allow the

removal of that hydro gen ac orn aød the formation ,f a new carbon met al bond(s) . The

hydrogen atom removed also bonds to the surface (not shown in Fig. 9) The high coordina-

tion of CCII to N. ato ms in t his new geometry may allow t his to be a uabis bonding configu-

ration. However , the details d this fleal geometry or bonding conf iguration are ~na~noww As

mentioned before , the CCX species which forms at room temperature in coexistence with

chemisorbed C .H : and bydrogea likely has a slightly different molecular oflentati on and

surface georneir” than the isolated high cover age p hase we form by momentary thermal

processing of cheimsorbed acetylene

Finally, we briefly . ompare our tlndsn p to those of other recent expe rimenu on Ni lIigh

resolution electro n energy loss ( HREEL ) results have bees obta ined by 8ertolini. cc. al. (30J

to characterize the satura tion coverag e phase ‘f acet’. leoe on Nif 100 ) at room temperature

With an experimenta l beam width at ball inazimum of 200 cm ‘
~~~~. they obseried peak s at

.16. 9*~ . 1330 and 1i) $ cm~~ . Based upon stud ies of adsorbed acety lene and CH species .‘ri

Ni( I l l )  1 7 .SI we believe these vibra tional spectra 3fl Ni( I0O ) arise largely f rom the supe rpo-

sition of chemisotbed C 2 H: and CM species on N~ 100 ) The adsorption of acetylene on a

stepped N i I l l )  surface ( 5 ( 1 1 1 )  x ( 11 0 ) 1  baa also been examined by HRE ELS 13 11. Such

stepped surf ace. may be rela t ed to the Nl( 110) surf ace as both surfaces contain rows of low

~
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coordination metal atoms. On the stepped surf ace of Ni th e debydroganation of chemisor be d

• acetylene to form C~ species was observed even at T ’ 1 4 0 K .  ( 3 ) ) .  Also observed was

considerable CH stretchin g vibrations when Uule CH or C2H: species occurred This wr

believe sugge.su the presence of CCH species as well. It is intere sting that of all the nickel

surf ace stud ied. scutylene only pat’tlally dehydro gcna tcs on the more open ( stepped-l~kc)

surf aces. Such debydrisgensuon effectit ow steps may also be the result of sterically unbin-

desed rotat ional motions of the molecule abou t the step which can position the molecule s

carbon atoms into high coord ination sites as proposed in our Jehydrogenation model for C :H .~

on Nil 1 10 ) .
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Table I Summ~.ry of the observed verucal ioahiauoa levels toe the venous acetylene-derived phases observed •~ n

N~ 1 1 1 ) .  ~r ef r 3.5 J. N~ 100 ) and Nu 1 10 )  surf aces. Low temperature (LI ) , room temperature ( RI) . low coverage

(LC ) and high cover age (HC ) coodiuoos of formation are ~.ndicated where necessary .

SIJRFACE PHASE VERTICAL IP . (in eV . E~ *0) CHEMiCAL
ASSIGNMENT

Ni l 1 1 1 )

C2H , LI1 RI 16.8 11.3 9 .1 molecular C-He

f ‘n H el ‘

~CH RT 
15 5  L OH eI ] J 

CH speuu

C~ 11.9 4 2  atomic carbon

~4i( 100)

C2H~ LI 16.8 1 1 .0 $. molecuiar C-H.

1’ 6 H eI
C~ H y IT or RI 

16.6 8 0  Hell ‘ 
CII species

C 5 12 . 7 4 .2 ato mic carbo n

Si( 1 10)

C: Hj LT 16. 4 2 1 . 2  8.7 molecular C.H.

CxHy’ LC. ’R T lest 16.0-2 6.5) 10.6 ~~ CCII species
HC /L T 16.0 10.2 7. 4 J

C~ H~ ” RT ( s v  16.5-l7 ~ 9.0 - 5 CH 2 species

C5 12.6 4.3 atomic carbon 

-,.~~~~
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Cospenson of the gaseous verncai ionization levels at acssylsns [6.14J ~a) to the pound state orbual

energies ca4culaiad wtth ~b an Extended H ucket method (1 5 1 and (C) an unrestricted Hartr’et Fock

LCAO . • SCT method (16~ using a 4-3~ G bssls. Near Hartzee Fock limit levels ( V T  (4) and calculated

verti cal ionization potentials ( 1 * 1 e) are also shown for comparison.

£xTE?CE~ ~-t~C~L
2~
.J
I I ~~EE~~~2 r~2

I i

I I ~C~2~3 ~~~~

-2c

LJ~~F 5c r ~~~~ 4 .3~3~

I I ~REE CZP42
I I I

-20 -.0

‘ C)

• I I I

-20 -.0
Figure .

~N~qGV ~ev)

ComparIson of the reLatIve molecular orbital ener~ es calculated foe acetylene and CII . species using an

Extended Heckel method (1 5 J .  pane 1 A. and ming a ICAO/SCF method (16 1. From panels A and B

we predict the LP. i toe a CM2 species on a NI surface (panel C) as discussed in the text.
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MOLECULAR ORBiTAL ENERGY (eV)

Figure 3

Predicted energy level, for various hydrocarbon species on Ni relative to the levels of acetylene as

descfl bed in the te st
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(a)C2H2 ON Ni(IOO).T•300K
hv•ZI.2 IV

I 
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j I
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i i  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-d 

~0
[(b)6L C2H2 FLTERED hv’40.8 eV

~ ~(c) HEATED IC) 650’K
c x,

-~~~~~~

~~~~€ 4 2 ~~~~~~~8 6 4  2 E ~~~
ELECTRON SI’IDING ENERGY ~eV)

FIgure 4

U V photoemlssion energy distribution spectra N~ E l  for clean Ns 1001 and for two different acetylene

exposures i in Lan~~ uirs ) to Ni( 100) at room temperature, panel (a). The difference spectra. .IN( E) .

obtained with filtered b, i40.8eV radiation before and alter besting are shown in panels (b) and (C)

The levels which can be associated with specific species ate demoted (see text ) . 
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(~)2L C2N2. T~~tOOK hv 2I.2~V

~-2L C2H2
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I (b) FiLTERED h. •40.8eV

18 16 4 2 10 8 6 4 2 Eç 0
ELECTRON BINDING ENERGY (eV )

Figure 5

C V . Pho oemsuion spectra. NI E ) .  for clean NI(t00) at 1-LOOK and alter exposure to 2 Langrn*atrs c~f

acetylen. at ~N1O0K. followed by heating to 425K . panel (a) . The filtered h,~~4O.SeV difference

spectra .~N (E ) .  alter the best treatment is shown in (C). The levels which can be associated with

specific species are denotid (ass text).
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(a) C2H2 ON Ni (IIC ) ,  Tu3OO K~
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}lw-2L2 eV 
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ELECTRON BINDING ENERGY :ev~

Agun~

U V . Photoemission spectra. N ( E ) .  for clean Ni ( 110) at room temperature and after exposure to 7

Lengmuin of acetylene , panel (a) . The difference spectra. .~&N E) . between various exposures are

indicated IC panel (b) while the filtered h,.40.I V .~N(E) spectra is shown in panel (C). The levels

which can be associated with specific species are denoted ( see text ) . 
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Figure 7

C V . Photoemeasson spectra . N ( E ) . for clean Ni l 1 10)  at ‘N IOOK . after exposure to I Langrnutr of

acetylene and followed by warming to T’300k. panel (a) . The differe nce spectra for hrw l.2eV and

b,w40.kV ass shown in panels b1 and (c) before and alter conversion - if chemisorbed acetylene.



____ - . .,..--~~~~ ~~~~~~~~~~.—— - .

I

~‘ii (lii )

‘L Cz$*

P41 ( 100)

- 
~~

‘4~( l I O )

r3 3’71 4
’
~~~~ 566 663

EMP~~’~ RE , ic:

Figur e M

Temperature programmed thermal desorpuon spectra of hydrogen as a function of acetylene exposure to

Mi (1ll ) . (100) and t i l O )  surf aces. The desorpuon spectra for chemisorbed hydrogen from N i ( L 1 O )  is

indicated by the dashed Line .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S .a~~
C2H2 C2H..~~~

( a ) (b)

Schematic model of the bonding and reaction of che imsorbed acetylene on NIl 110) to form CCH

species as descrIbed in the text. The hydrogen atom produced in the reaction bonds to the surface at

some unknown site and Is not shown In ( b ) .  
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